INTRODUCTION
============

Osteosarcoma is a common childhood cancer \[[@r1], [@r2]\]. Currently, it is mainly treated using limb salvage, which is conservative in more than 90% of the patients \[[@r3]\]. The five-year relative survival rate for osteosarcoma can reach 69.8% or 65.5% for patients (at birth until 14 years of age or at 15 until 19 years of age) in the United States \[[@r4]\]. Notably, approximately 40--50% of the patients with osteosarcoma have pulmonary metastases, and most patients with osteosarcoma often have lung micrometastases before diagnosis. For such patients, chemotherapy, surgery, and/or other treatments are ineffective as the five-year relative survival rate for osteosarcoma patients with lung metastases is only 17--23% \[[@r5]\]. Therefore, the identification of diagnostic and therapeutic targets is necessary for the early detection and improved treatment of osteosarcoma.

Calponin 3 (CNN3) is a member of the CNN protein family, which contains tandem repeating sequence motifs \[[@r6]\]. CNN3 has a markedly acidic C-terminus, and its basic N-terminus is highly homologous to the N-terminus of CNN1, another member of the CNN protein family. Proteins belonging to this family are associated with the cytoskeleton but are not involved in contraction \[[@r7]\]. Apart from participating in the remodeling of actin stress fibers \[[@r8]\], members of the CNN protein family regulate carcinoma progression (e.g., in gastric and ovarian cancers) \[[@r9], [@r10]\]. However, their role in the progression of osteosarcoma has not been fully elucidated. Guo et al. reported that CNN3 expression levels were higher in human osteosarcoma cell lines than in SV40- immortalized normal osteoblastic cell lines \[[@r11]\]. Studies have recently shown that CNN3 functions as an oncogene in gastric, colon, and cervical cancers \[[@r12]--[@r14]\], and as a diagnostic marker of metastatic lymph nodes in colorectal cancer \[[@r15]\]. Consequently, CNN3 may serve as a new potential diagnostic tool and therapeutic target for the early detection and treatment of osteosarcoma.

In the present study, we aimed to investigate the role of CNN3 in regulating osteosarcoma progression. We determined the potential role of CNN3 as a biomarker for osteosarcoma diagnosis and prognosis and analyzed its function in regulating the proliferation and metastasis of osteosarcoma cell lines *in vitro* and *in vivo*. Additionally, we investigated the effects of CNN3 on the ERK1/2 and p38 signaling pathways in order to understand the mechanism underlying its activity.

RESULTS
=======

High CNN3 expression and diagnostic performance in osteosarcoma tissues
-----------------------------------------------------------------------

To assess the accuracy of CNN3 as a diagnostic biomarker for osteosarcoma, CNN3 expression levels in osteosarcoma and normal specimens (n=50 each) were detected by immunohistochemistry (IHC). IHC revealed that eight normal specimens have high CCN3 expression, and 34 osteosarcoma specimens have high CCN3 expression (*p*\<0.0001, [Figure 1A](#f1){ref-type="fig"}). The total score for CNN3 staining in osteosarcoma specimens was significantly higher than that in normal specimens ([Figure 1B](#f1){ref-type="fig"}). These demonstrate that CNN3 is highly expressed in osteosarcoma tissues. Furthermore, the performance of CNN3 with respect to the diagnosis of osteosarcoma was analyzed using an ROC curve analysis; the area under the curve was 0.756. At the optimal expression cutoff value of 5.5, the sensitivity was 68% and the specificity was 84% ([Figure 1C](#f1){ref-type="fig"}).

![**CNN3 expression in osteosarcoma and normal specimens detected by immunohistochemistry.** (**A**) Representative images. (**B**) Statistical results of the CNN3 staining total score. *p*\<0.0001, unpaired *t*-tests. (**C**) Receiver operating characteristic (ROC) curve analysis to assess the diagnostic value of CNN3 in osteosarcoma using the GraphPad Prism 7.0 version.](aging-12-103224-g001){#f1}

Correlation of CNN3 protein levels with clinicopathological features and prognosis
----------------------------------------------------------------------------------

To determine the potential correlation of CNN3 with the clinicopathological features and prognosis, a Pearson χ^2^ test was performed. High CNN3 expression was found to be associated with tumor size (*p*=0.044), tumor stage (*p*=0.002), lymph node metastasis (*p*=0.044), and distant metastasis (p=0.035), but it was not associated with age (*p*=0.089) and sex (*p*=0.291; [Table 1](#t1){ref-type="table"}). As we only had follow-up information for some enrolled patients, the correlation between CNN3 protein levels and prognosis was analyzed based on the sarcoma gene-expression dataset available on the Gene Expression Profiling Interactive Analysis (GEPIA) database. The results showed that high CNN3 mRNA expression was linked with a poor overall survival (OS; *p*=0.00047) and a shorter disease-free survival (RFS) period (*p*=0.0033; [Figure 2A](#f2){ref-type="fig"} and [2B](#f2){ref-type="fig"}). The hazard ratio (HR) for OS and RFS was 2.7 (*p*=0.00073) and 2.1 (*p*=0.004), respectively. In addition, CNN3 mRNA levels exhibited a significant positive relationship with the mRNA levels of Snail, vimentin (VIM), MKI67, and PCNA (*p*\<0.05; [Figure 2C](#f2){ref-type="fig"}).

![**Functional analysis of CNN3 in TCGA sarcoma cohort analyzed using GEPIA.** (**A**, **B**) Correlation between CNN3 mRNA levels and prognosis. (**C**) Correlation between CNN3 mRNA levels and two mesenchymal markers, Snail and vimentin (VIM), and two tumor proliferation markers, MKI67 and PCNA. TPM: transcripts per million; HR: hazard ratio. The hazard ratio was calculated based on the Cox PH model.](aging-12-103224-g002){#f2}

###### Correlation between CNN3 protein levels and clinicopathological features of patients with osteosarcoma.

  ------------------------- -------------------------- ------------------------- ------------- -------
  **Features**              **n (50)**                 **CNN3 protein levels**   **p-value**   
  **Low expression (16)**   **High expression (34)**                                           
  Age (years)                                                                                  0.089
  ≤25                       36                         9                         27            
  \> 25                     14                         7                         7             
  Sex                                                                                          0.291
  Male                      29                         11                        18            
  Female                    21                         5                         16            
  Tumor size (cm)                                                                              0.044
  ≤7.5                      24                         11                        13            
  \>7.5                     26                         5                         21            
  Tumor stage                                                                                  0.002
  I+II                      22                         12                        10            
  III+IV                    28                         4                         24            
  Lymph node metastasis                                                                        0.041
  No                        27                         12                        15            
  Yes                       23                         4                         19            
  Distant metastasis                                                                           0.035
  No                        30                         13                        17            
  Yes                       20                         3                         17            
  ------------------------- -------------------------- ------------------------- ------------- -------

Effect of CNN3 silencing on cell proliferation *in vitro*
---------------------------------------------------------

CNN3 expression in osteosarcoma cell lines MG-63, 143B, and Saos-2 was higher than that in human osteoblast hFOB 1.19 cells ([Figure 3A](#f3){ref-type="fig"}). Among the three osteosarcoma cell lines, CNN3 expression was higher in MG-63 and Saos-2, therefore these lines were chosen for subsequent assays. qRT-PCR and western blot analyses in CNN3 stable knockdown cells (LV-shCNN3-infected) showed that CNN3 was successfully silenced in MG-63 and Saos-2 ([Figure 3B](#f3){ref-type="fig"} and [3C](#f3){ref-type="fig"}) cells. The proliferation rate (%) of LV-shCNN3-infected MG-63 and Saos-2 cells at 24, 48, and 72 h was lower than that of LV-NC-infected cells ([Figure 3D](#f3){ref-type="fig"}). These results revealed that CNN3 silencing inhibits the proliferation of osteosarcoma cells *in vitro*.

![**CNN3 silencing inhibits osteosarcoma cell proliferation.** (**A**) CNN3 expression in osteosarcoma cell lines and the human osteoblast hFOB 1.19 cell line. (**B**, **C**) CNN3 mRNA (**B**) or protein (**C**) levels in LV-shCNN3- or LV-NC-infected MG-63 and Saos-2 cells. (**D**) The proliferation rate (%) of LV-shCNN3- or LV-NC-infected MG-63 and Saos-2 cells at 0, 24, 48, and 72 h. \**p*\<0.05, when LV-shCNN3 vs LV-NC.](aging-12-103224-g003){#f3}

Effect of CNN3 silencing on apoptosis and cell cycle *in vitro*
---------------------------------------------------------------

To evaluate the effect of CNN3 knockdown on apoptosis and cell cycle, a flow cytometric analysis was carried out. As shown in [Figure 4A](#f4){ref-type="fig"}, the number of total apoptotic LV-shCNN3-infected MG-63 and Saos-2 cells was significantly higher than that of LV-NC-infected MG-63 and Saos-2 cells. In addition, the number of LV-shCNN3-infected MG-63 and Saos-2 cells in the G1-stage was significantly higher than that of LV-NC-infected MG-63 and Saos-2 cells, and the number of LV-shCNN3-infected MG-63 and Saos-2 cells in S-stage was significantly lower than that of LV-NC-infected MG-63 and Saos-2 cells ([Figure 4B](#f4){ref-type="fig"}). Although the effects of CNN3 silencing on apoptosis and cell cycle were not pronounced, they were significant. Therefore, these results indicate that CNN3 silencing induces apoptosis and cell cycle arrest in the G1 stage *in vitro*.

![**CNN3 silencing induces apoptosis and G1-stage cell cycle arrest *in vitro*.** (**A**) The effect of CNN3 silencing on apoptosis. Representative graphs of flow cytometric analysis for apoptosis are shown on top. In all four plots, viable cells are seen in the left lower quadrant (FITC^-^/PI^-^); early apoptotic cells in the right lower quadrant (FITC^+^/PI^-^); late apoptotic cells in the right upper quadrant (FITC^+^/PI^+^); and necrotic cells in the left upper quadrant (FITC^-^/PI^+^). Statistical results of the percentage of total apoptotic cells, which are the sum of early and late apoptotic cells are shown below. (**B**) The effect of CNN3 silencing on cell cycle. Graphs showing the flow cytometric analysis for cell cycle stage are on top. The statistical result of cells in G1, G2, and S stages is shown below. \**p*\<0.05, when LV-shCNN3 vs LV-NC.](aging-12-103224-g004){#f4}

Effect of CNN3 silencing on cell migration and invasion *in vitro*
------------------------------------------------------------------

To evaluate the effect of CNN3 knockdown on cell migration and invasion, transwell migration/invasion assays and wound healing assays were carried out. The results of the transwell assay showed that the number of migrating and invading LV-shCNN3-infected MG-63 and Saos-2 cells was significantly less than that of LV-NC-infected MG-63 and Saos-2 cells ([Figure 5A](#f5){ref-type="fig"} and [5B](#f5){ref-type="fig"}). Additionally, the wound healing assay demonstrated that wound closure in LV-shCNN3-infected MG-63 and Saos-2 cells was significantly slower than that of LV-NC-infected MG-63 and Saos-2 cells ([Figure 5C](#f5){ref-type="fig"}). Moreover, western blotting was performed to evaluate the effect of CNN3 silencing on the expression of tumor metastasis-related proteins. The results showed that the expression of MMP9, VEGF, and vimentin in LV-shCNN3-infected MG-63 and Saos-2 cells was significantly lower than that in LV-NC-infected MG-63 and Saos-2 cells ([Figure 5D](#f5){ref-type="fig"}), while E-cadherin expression in LV-shCNN3-infected MG-63 and Saos-2 cells was significantly higher than that in LV-NC-infected MG-63 and Saos-2 cells ([Figure 5D](#f5){ref-type="fig"}). MMP9, VEGF, and vimentin are involved in promoting tumor metastasis, while E-cadherin is involved in its suppression \[[@r16], [@r17]\]. Therefore, these results suggest that CNN3 silencing inhibits cell migration and invasion *in vitro*.

![**CNN3 silencing inhibits cell migration and invasion *in vitro*.** (**A**, **B**) Cell migration and invasion were evaluated by a transwell assay (**A**) and the Transwell-Matrigel assay (**B**). Images on the left are representations, and results on the right are the statistical results of cell migration or invasion, where \**p*\<0.05. (**C**) Wound healing assay to evaluate cell migration. Images on the left are representations, and results on the right are the statistical results of wound closure percentage. The wound area was analyzed using the Image Pro-Plus 6.0 software. The percentage of wound closure was calculated using the ratio of wound area at 0 h and 24 h. (**D**) Expression of tumor metastasis-related proteins MMP9, VEGF, vimentin, and E-cadherin was detected by western blotting. \**p* \<0.05, when LV-shCNN3 vs LV-NC.](aging-12-103224-g005){#f5}

Effect of CNN3 silencing on ERK1/2 and p38 signaling pathways
-------------------------------------------------------------

To explore the molecular mechanisms underlying the activity of CNN3, the pathways and interactions of the CNN3 gene were analyzed using the STRING interaction network database ([Figure 6A](#f6){ref-type="fig"}). Western blotting showed that the levels of phosphorylated p38 (p-p38) and phosphorylated extracellular signal-regulated kinase 1 or 2 (p-ERK1/2) were significantly lower in LV-shCNN3-infected MG-63 and Saos-2 cells than those in LV-NC-infected MG-63 and Saos-2 cells ([Figure 6B](#f6){ref-type="fig"}), while the expression of total p38 and p-ERK1/2 was similar between these groups ([Figure 6B](#f6){ref-type="fig"}). These results indicate that CNN3 silencing downregulates the ERK1/2 and p38 signaling pathways.

![**The effect of CNN3 silencing on the expression of total or phosphorylated p38 and ERK1/2.** (**A**) The STRING interaction network database shows that CNN3 interacts with the MAPK signaling pathways. (**B**) The expression of total or phosphorylated p38 and ERK1/2.](aging-12-103224-g006){#f6}

Effect of CNN3 silencing on subcutaneous tumor growth and lung metastasis *in vivo*
-----------------------------------------------------------------------------------

To further verify the role of CNN3 *in vivo*, the subcutaneous xenograft tumor mouse model and the lung metastasis mouse model were constructed using the LV-shCNN3-infected and LV-NC-infected MG-63 cells as the Saos-2 cells were not tumorigenic in immunosuppressed mice. The size of the subcutaneous tumor generated by the LV-shCNN3-infected MG-63 cells was smaller than that generated by LV-NC-infected MG-63 cells ([Figure 7A](#f7){ref-type="fig"}). Tumor growth curves also revealed that CNN3 silencing can suppress the growth of subcutaneous tumors ([Figure 7B](#f7){ref-type="fig"}). Furthermore, H&E staining showed that the lung tissues of mice injected with LV-shCNN3-infected MG-63 cells had fewer metastatic foci than those injected with LV-NC-infected MG-63 cells ([Figure 7C](#f7){ref-type="fig"}). These results show that CNN3 silencing inhibits subcutaneous tumor growth and lung metastasis *in vivo*.

![**CNN3 silencing inhibits tumor growth and lung metastasis *in vivo*.** (**A**, **B**) The effect of CNN3 silencing on the growth of subcutaneous xenograft tumors. (**A**) Subcutaneous xenograft tumor graphs. (**B**) Tumor growth curve based on the tumor volume. (**C**) The effect of CNN3 silencing on lung metastases examined by H&E staining. Images on the left are representations. The bar graph showing the statistical evaluation of the number of metastatic foci is on the right. \**p*\<0.05, when LV-shCNN3 vs LV-NC.](aging-12-103224-g007){#f7}

DISCUSSION
==========

In this study, we evaluated the potential diagnostic and prognostic roles of CNN3 in osteosarcoma. We found that CNN3 protein expression was significantly higher in osteosarcoma tissues compared with normal specimens. This was congruent with data showing that CNN3 expression was higher in human osteosarcoma cell lines (MG-63, 143B, and Saos-2) than in the SV40-immortalized normal osteoblastic cell line, hFOB 1.19. In addition, the abnormal expression profile indicated that CNN3 may promote the clinical progression of osteosarcoma, and the function and underlying mechanism of CNN3 in osteosarcoma were further verified.

In the ROC curve analyses, the area under the ROC curve was 0.756. The AUC is an overall measurement of accuracy of biomarkers of diagnostic tests, which help predict disease \[[@r18]\]. An AUC ranging from 0.7 to 0.9 suggests that a given biomarker is highly accurate. Therefore, CNN3 could serve as a potential accurate diagnostic biomarker for patients with osteosarcoma. Furthermore, we found that high CNN3 expression is associated with tumor size, tumor stage, lymph node metastasis, and distant metastasis. Moreover, high CNN3 mRNA levels were significantly linked with poorer OS rates and shorter RFS period. The relative mRNA expression of CNN3 in 14 colorectal cancer tissues was found to be lower than that in normal control tissues, and CNN3 mRNA levels are known to be significantly higher in the Dukes' stage C group than in the control groups \[[@r15]\]. Moreover, CNN3 has been recognized as one of the more accurate and suitable diagnostic markers for metastatic lymph nodes in colorectal cancer \[[@r15]\]. Taken together, these data support our conclusions in osteosarcoma. However, a limitation in our study is that we did not collect the follow-up information of enrolled patients in this study; instead, the prognostic analysis of CNN3 was based on the information hosted on TCGA. In a future assessment of the prognostic value of CNN3, the levels of the CNN3 protein should be determined.

To investigate the biological function of CNN3 in osteosarcoma progression, the CNN3 gene was knocked down by infection with LV-shCNN3 in osteosarcoma cell lines. Functional *in vitro* data showed that CNN3 silencing inhibited cell proliferation, migration, and invasion. In addition, we found that CNN3 silencing induced apoptosis and caused cell cycle arrest in the G1 stage *in vitro*. Moreover, CNN3 silencing inhibited subcutaneous tumor growth and lung metastases *in vivo*. These results indicate that CNN3 contributes to osteosarcoma progression, which is further supported by previous studies reporting that *CNN3* may function as a potential oncogene in gastric, colon, and cervical cancer \[[@r12]--[@r14]\]. Additionally, we found that CNN3 mRNA expression had a significant positive correlation with the mRNA expression of two mesenchymal markers, Snail and vimentin (VIM) \[[@r19]\], and two tumor proliferation markers, MKI67 and PCNA, \[[@r20]\] in sarcoma. These bioinformatic results are consistent with the results of our *in vitro* and in *vivo* experiments, and can further support our conclusion that CNN3 may play an oncogenic role in osteosarcoma progression.

The MAPK signaling pathway is a complex pathway that regulates tumor occurrence and metastasis \[[@r21], [@r22]\]; it is composed of three main signaling pathways: MAPK/ERK, SAPK/JNK, and p38 MAPK \[[@r23]\]. These can be activated by phosphorylation, and thus are involved in a variety of cellular activities \[[@r24], [@r25]\]. CNN3 has been shown to increase the phosphorylation of ERK1/2 and p38, but it does not change JNK phosphorylation levels in the human placental trophoblast cell line, BeWo \[[@r26]\]. In the present study, we also found that the phosphorylation of ERK1/2 and p38 is downregulated in CNN3-knockdown cells, suggesting that CNN3 silencing downregulates the ERK1/2 and p38 signaling pathways. Therefore, we hypothesized that CNN3 may be involved in osteosarcoma cell proliferation and metastasis by regulating the MAPK/ERK and p38 MAPK pathways, which play a critical role in osteosarcoma pathogenesis \[[@r27]\]. Previous studies have reported that the suppression of MAPK/ERK and p38 MAPK pathways is an effective approach to inhibit the proliferation and metastasis of osteosarcoma cells \[[@r27]--[@r29]\]. However, PI3K/Akt, Wnt, Notch, NF-κB, and p53 are also critical in osteosarcoma pathogenesis \[[@r27]\]. Whether CNN3 can affect these pathways is still unknown, and thus the regulatory mechanism underlying CNN3 activity is far from clear; this is another limitation of our study. In future studies, we will focus on the regulatory mechanisms of CNN3 by measuring mRNA, non-coding RNA, and protein expression in osteosarcoma cell lines.

In conclusion, increased CNN expression is associated with poor prognosis of patients with osteosarcoma. CNN3 may potentially be used as a diagnostic and prognostic biomarker for osteosarcoma and may play an oncogenic role in osteosarcoma progression. We suggest that CNN3 may function through the activation of the ERK1/2 and p38 signaling pathways. In the future, we will attempt to clarify the regulatory mechanisms involved in the potential oncogenic roles of CNN3 in osteosarcoma. Our study provides a potential target for pharmaceutical development and novel therapeutic strategies involving CNN3 inhibition and the control of osteosarcoma growth and metastasis.

MATERIALS AND METHODS
=====================

Patient information and tissue samples
--------------------------------------

The medical histories of the fifty osteosarcoma patients enrolled in this study were recorded. This included information about their age, gender, tumor size, tumor stage, node metastasis, and distant metastasis. All patients understood the purpose of our study and gave informed consent. Our study was approved by the ethics committee of the First Affiliated Hospital of Army Medical University (KY201927). Osteosarcoma specimens (n=50) and corresponding normal bone specimens (n=50) from regions around the cancers were obtained at the First Affiliated Hospital of Army Medical University from 2015 to 2017.

Immunohistochemical staining and analysis
-----------------------------------------

Paraffin-embedded tissues were cut into sections and antigen retrieval was conducted by microwaving a sodium citrate solution (pH 6.0) after dewaxing. After blocking with 5% sheep serum, sections were incubated with rabbit polyclonal CNN3 antibody (1:25; Omnimabs, Alhambra, CA, USA) at 4°C overnight. Next, the 3,3′-diaminobenzidine (DAB)-chromogen, Polymer HRP mouse/rabbit IHC kit, and DAB Chromogenic Substrate Kit were used according to the manufacturer's instructions (Auragene Biotech, Changsha, China). After staining with a hematoxylin solution, sections were dehydrated, cleared, and mounted with Permount TM Mounting Medium. Immunohistochemical results for CNN3 were judged independently by two senior pathologists, according to the method described previously \[[@r30]\]. The total score for CNN3 staining was generated by multiplying the staining intensity score (0: negative; 1: light yellow; 2: brown; 3: tan) by the percentage of positive cells (0:\<5%; 1: 5--25%; 2: 25--50%; 3: 51--75%; 4: \>75%). The total score for CNN3 staining results was grouped into two categories, where a score of 1--4 was regarded as low expression, while one of 5--12 was regarded as high expression.

Bioinformatic analysis
----------------------

The CNN3 mRNA expression levels in the sarcoma cohort were analyzed using GEPIA (<http://gepia2.cancer-pku.cn/#index>), a web-based tool that delivers fast and customizable functionalities based on TCGA and GTEx data \[[@r31]\]. The correlation between CNN3 mRNA levels and prognosis, and between CNN3 mRNA expression and mRNA expression levels of Snail, vimentin (VIM), MKI67, and PCNA; were analyzed using the GEPIA database \[[@r31]\]. The pathways and interactions for the CNN3 gene were analyzed using the STRING interaction network database (<https://version11.string-db.org/cgi/network.pl?taskId=02KGNUORuL3B>).

Cell culture
------------

SV40-immortalized normal osteoblastic cell line (hFOB 1.19) and human osteosarcoma cell lines (MG-63, 143B, and Saos-2) were purchased from ATCC, the Global Bioresource Center (Manassas, VA, USA), and cultured according to the protocol of the supplier.

Construction of CNN3 stable knockdown cells
-------------------------------------------

The shRNA-mediated lentivirus targeting a sequence of CNN3 (CCCTACAGATGGGTACCAA; LV-shCNN3) was purchased from Hanbio Biotechnology Co. Ltd. (Shanghai, China). Lentiviruses that were packaged with the empty vector served as the negative control (LV-NC). MG-63 and Saos-2 cells were infected with LV-shCNN3 or LV-NC, with a multiplicity of infection of 100 and selection by puromycin.

Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
----------------------------------------------------------------------

MG-63 and Saos-2 cells infected with LV-shCNN3 or LV-NC were seeded (4×10^5^ cells/well) in 6-well plates. After being cultured for 48 h, cells were harvested for total RNA isolation using Trizol (Invitrogen, Carlsbad, CA, USA). Next, cDNA synthesis was performed using the M-MLV Reverse Transcriptase Kit (Promega, Madison, WI, USA), and qPCR was performed using the SYBR Green qPCR SuperMix (Invitrogen) on the ABI PRISM® 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The relative expression level of CNN3 was calculated using the 2^−ΔΔCT^ method \[[@r32]\]. The internal control was 18S rRNA. The primers for CNN3 and 18S are as follows: CNN3-F: CCCAGAAAGGAATGAGTGTGT, CNN3-R: CTCGCCATGATACTCATCAG, 18S-F: CCTGGATACCGCAGCTAGGA, and 18S-R: GCGGCGCAATACGAATGCCCC.

Western blot
------------

MG-63 and Saos-2 cells infected with LV-shCNN3 or LV-NC were seeded (4 × 10^5^ cells/well) in 6-well plates. After being cultured for 48 h, cells were harvested, and the total protein content was isolated with RIPA buffer. After protein quantification, 30 μg of total protein was used for western blotting, which was conducted according to the methods described previously \[[@r33]\]. The primary antibodies used in this study were purchased from Abcam (Cambridge, MA, USA) and their details are as follows: anti-CNN3 (1:2000, ab151427), anti-MMP9 (1:1500, ab76003), anti-VEGF (1:5000, ab52917), anti-vimentin (1:1000, ab92547), anti-E-cadherin (1:1000, ab231303), p-p38 (1:1000, ab45381), p38 (1:1000, ab32142), ERK1/2 (1:1000, ab115799), p-ERK1/2 (1:800, ab214362), and anti-GAPDH (1:5000, ab181602).

Proliferation assays and apoptosis assays
-----------------------------------------

Proliferation assays were carried out using the Cell Counting Kit-8 (CCK-8; Beyotime Institute of Biotechnology, Shanghai, China) as described previously \[[@r33]\]. Briefly, MG-63 and Saos-2 cells infected with LV-shCNN3 or LV-NC were seeded (4 × 10^4^ cells/well) in 96-well plates. The optical density (OD) value was detected at 0, 24, 48, and 72 h after seeding. The proliferation rate (%) was calculated using the formula: proliferation rate (%) = *OD value* ~time\ point~ *÷OD value* ~0\ h~ *× 100% (same group).* After seeding into 6-well plates and incubating for 48 h, cells were harvested and apoptosis assays were carried out using the Annexin V-FITC apoptosis detection kit (BD Biosciences, Franklin Lake, NJ, USA), as described previously \[[@r33]\]. The number of apoptotic cells was analyzed using the BD FACSDiva 8.0.1 software.

Cell cycle assays
-----------------

MG-63 and Saos-2 cells infected with LV-shCNN3 or LV-NC were seeded (4 × 10^5^ cells/well) in 6-well plates. After being cultured for 48 h, cells were harvested, and the cell cycle distribution was analyzed using the Cell Cycle Analysis Kit (Beyotime, Shanghai, China) as described previously \[[@r34]\]. Cell cycle stages were analyzed using the BD LSRII Flow Cytometer (BD LSRII, San Jose, CA, USA).

Transwell assays
----------------

MG-63 and Saos-2 cells infected with LV-shCNN3 or LV-NC were seeded (1 × 10^5^ cells in 200 μL of serum-free medium) in the upper chamber of an insert (pore size, 8 μm; Becton Dickinson Labware). For invasion assay, the upper chambers were pre-coated with Matrigel (BD Biosciences). The lower chamber was filled with 600 μL of 20% fetal bovine serum medium. After 24 h incubation, cells in the upper chamber or Matrigel were removed with a cotton swab, and cells on the underside were fixed with 4% paraformaldehyde at 4°C for 10 min, cells were then stained with 0.1% crystal violet in 20% ethanol for 20 min. The number of migrated or invasive cells were counted in ten randomly selected fields using a phase-contrast microscope. The assays were performed in triplicate.

Wound healing assay
-------------------

MG-63 and Saos-2 cells infected with LV-shCNN3 or LV-NC were seeded (5×10^5^ cells/well) into 6-well plates with straight lines at the bottom of the plate. The next day, a wound was generated along the five straight lines using a sterile 200 μL pipette tip. After washing with phosphate-buffered saline (PBS) three times, cells were cultured in serum-free medium at 37°C in humidified air with 5% CO~2~. Cell migration into the wound area was monitored and photographed at 24 h. The wound area was analyzed by using the Image Pro-Plus 6.0 software (Media Cybernetics, Rockville, MD, USA). The percentage of wound closure was calculated using the formula: 1-wound area ~24\ h~ *÷* wound area ~0\ h~ *× 100%*.

Subcutaneous xenograft and pulmonary metastasis model in nude mice
------------------------------------------------------------------

Six-week-old athymic nude mice (n=32) were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). All mice were housed in a specific pathogen-free animal house and provided free access to food and water. All animal experiments in this study were approved by the ethics committee of the First Affiliated Hospital of Army Medical University (AMUWEC202023).

To construct subcutaneous xenograft models, 16 nude mice were divided into two groups (n=8), subcutaneously injected in the right armpit region with MG-63 cells infected with LV-shCNN3 or LV-NC (4×10^6^ cells in 0.2 mL of PBS). After injection for 8, 15, 18, 22, 26, and 28 days, the maximum transcutaneous diameter (tumor length, L) and the corresponding maximum vertical transcutaneous diameter (tumor width, W) of the subcutaneous tumor were measured using vernier calipers, and the tumor volume was calculated using the formula: ½ × L × W^2^ \[[@r35]\].

To construct pulmonary metastasis models, 16 nude mice were divided into two groups (n=8), intravenous tail injected with 5 × 10^5^ MG-63 cells infected with LV-shCNN3 or LV-NC, which were resuspended in 100 μL Hank's Balanced Salt Solution. Six weeks later, all mice were euthanized by intraperitoneal injection with sodium pentobarbital (130 mg/kg). Lung tissues were isolated and fixed in 4% paraformaldehyde. Hematoxylin and eosin (H&E) staining was performed to evaluate the status of lung metastasis. Six randomly selected fields were photographed for each section, and the number of metastatic foci in each photograph were counted. The average number of metastatic foci was used as the number of metastatic foci of each group in lung tissues.

Statistical analysis
--------------------

Statistical analyses were performed using GraphPad Prism 7.0 version (GraphPad Software, Inc., San Diego, CA, USA). The results are shown as mean ± standard deviation. Non-parametric tests were used to compare the total score for CNN3 staining in osteosarcoma specimens and normal specimens. Statistical comparisons between the two groups of functional experiments *in vitro* and *in vivo* were analyzed using unpaired *t*-tests. The significance of the correlation of CNN3 expression with clinicopathological features was determined by a Pearson χ^2^ test. The receiver operating characteristic (ROC) curve and the area under the ROC curve analyses were performed to assess the diagnostic value of CNN3 using GraphPad Prism 7.0 version, and the optimal CNN3 cut-off value for diagnosis was obtained based on the Youden index according to the ROC curves. A *p*\< 0.05 was considered statistically significant.
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